Introduction
Heavy hadrons have been the focus of attention due to their interesting properties. The study of production and decay of such particles is interesting in two aspects. In the first place the question is whether QCD is the right theory to predict the properties of such objects. Secondly this research is to investigate the basic properties of the weak interactions at the fundamental level. These states have in general a large number of decay modes so that their observation and measurement of their properties require a large number of them to be produced. Their cross section at e + e − collisions is very small therefore their identification needs a messier environment of hadronic collides.
Consistent with the quark model of hadrons, the spectroscopy and production mechanism of heavy meson and baryon states have been treated satisfactorily. Specially the hadrons which contain c and b quarks or anti-quarks, are satisfactorily accounted for in the heavy quark limit where the hadronic bound state is understood and the perturbation theory is applied for the process of their production [1] . This has been successful in the treatment of B c states both in theory [2] , and in experiment [3] and also in the production of heavy diquarks in treatments of doubly heavy baryons [4] . In this work we shall apply this procedure to the case of triply heavy baryons to obtain their fragmentation properties. We hope the experimental study of their production and decay become more feasible at the LHC.
Our plan is as follows. In section II we provide a general discussion of the fragmentation process of S-wave triply heavy baryons and calculation of their fragmentation functions. Section III presents our kinematics. In sections IV and V we calculate the fragmentation functions for c → Ω ccb and b → Ω ccb which we have chosen to be the basic ones such that the other functions could be obtained from them by appropriate choices of quark masses and other baryon characteristic parameters. We discuss our results in section VI.
Triply heavy baryons and their fragmentation
Heavy baryons are denoted by Λ, Ξ and Ω according to their isospin ( I=1,1/2 and 0 respectively) [5] . Therefore the baryon states with heavy flavor fall into three categories. States containing one heavy flavor such as Λ c and Λ b are interesting states due to the fact that they carry the original heavy flavor polarization. Their production have been studied in interesting models [6] . They are also being studied experimentally [7] . The second category involves baryons with two heavy flavor like the states Ξ cc , Ξ bb and Ξ bc [8] . They are treated within the approximate quark-diquark model [9] . The model treats the production of the so called diquark perturbatively similar to B c states. Then, it can be proved that the formation of a baryon out of a diquark is almost the same as the fragmentation of an antiquark into a meson [8] . In this way one obtains the fragmentation functions, the total production probabilities and other relevant properties for them. In the third category, we meet baryons with three heavy constituents. Since the top quark cannot take part in strong interactions [7] , there remains only the charm and bottom quarks to form such baryons. Therefore as in the B c case one may use the heavy quark limit to evaluate their fragmentation. Indeed we have done this satisfactorily in the case of Ω ccc and Ω bbb baryons before in quark-diquark model [5] and using perturbative QCD [10] . Therefore we consider the matter as a whole in this paper in a concrete form. Fig. 1 Shows the fragmentation of a heavy quark Q into a triply heavy baryon B(Q ′ Q ′′ Q ′′′ )in lowest order perturbation theory. We aim to calculate such Feynman diagrams to obtain the fragmentation functions.
The fragmentation functions are process independent and could be applied to the e + e − , parsonic and hadronic production processes. At sufficiently large transverse momenta, the dominant mechanism is actually fragmentation, the production of a parton with high transverse momentum which subsequently splits into triply heavy state and other partons. The fragmentation of a parton into a baryon state is described by fragmentation function D(z, µ), where z is the longitudinal momentum fraction of the baryon state and µ is a factorization scale. The fragmentation function for production of an S-wave triply heavy baryon B in fragmentation of a quark Q is obtained from [11] 
where four momenta are as labelled in Fig 1. T B is the amplitude of the baryon production which involves the hard scattering amplitude T H and the non-perturbative smearing of the bound state. The average over initial and the sum over final spin states are assumed.
To absorb the soft behavior of the bound state into hard scattering amplitude we have used the scheme introduced in [12] . The probability amplitude at large momentum transfer factories into a convolution of the hard-scattering amplitude T H and baryon distribution amplitude φ B , i.e.
where φ B is the probability amplitude to find quarks co-linear up to a scale w 2 in the baryonic bound state. In (2), [dx] = dx 1 dx 2 dx 3 δ(1−x 1 −x 2 −x 3 ) and x i 's are the momentum fractions carried by the constituent quarks and finally T H is written in the following form in the old fashioned perturbation theory to keep the initial heavy quark on mass shell, Table 1 Coupling constants for formation of various diquarks.
Here Γ represents an appropriate combination of the propagators and the spinorial parts of the amplitude. α s = g 2 /4π is the strong interaction coupling constant which we have distinguished in formation of different cc, cb and bb diquarks out of c and b quarks. They appear in Table 1 [10] . C F is the color factor and M = mm Q m Q ′ m Q ′′ with m being the baryon mass. Since we ignore the virtual motion of the baryon constituents, we propose the following expression for the probability amplitude
where f B is the baryon decay constant and is introduced similar to meson decay constant f M . Putting this expression and (3) in (2) and carrying out the necessary integrations, we find
Thus using this amplitude we find the fragmentation function as
To proceed we need to specify our kinematics.
The Kinematics
We let the baryon move in the z direction after production, neglecting the virtual motion of the constituents. The initial state heavy quark has a transverse momentum which should be carried by the two antiquarks away through the final state jet. We have assumed that there will be only one jet in the final state. This assumption is justified due to the fact that the very high momentum of the initial heavy quark will predominantly be carried in the forward direction. Due to momentum conservation, the total transverse momentum of the two jets will be identical to the transverse momentum of the initial quark. Therefore the antiquark's contributions to this jet are assumed to be proportional to their masses.
The fragmentation parameter z, is defined as usual, i.e.
which reduces to the following in infinite momentum frame
Now we set up our kinematics. According to the Fig. 1 the baryon takes a fraction z of the initial heavy quark's energy (each costituent a fraction of x 1 , x 2 and x 3 ) and the two anti-quarks take the remaining 1 − z (x 4 and x 5 each). Thus the four momenta of the particles are parameterized as
where condition x 1 + x 2 + x 3 = 1 holds. Moreover regarding our assumptions we have
along with the constrain of x 4 + x 5 = 1. In this specific case for the diagram (c) we find the combination
where one third of the power of f comes from each propagator, m ′ = (m 1 + m 2 ) and that
In the case of diagram (d) we have
We put the dot products of relevant four vectors in the following form
where
In obtaining the above results we have used (9) and (10) with
In this case the Γ in (6) reads
From which we find
Next we consider the phase space integrations. Note that
Here instead of performing transverse momentum integrations we replace the integration variable by its average value in each case. We comment on this issue in final section. We write
and
Putting all this together back in (6), we obtain the fragmentation function as follows 
Here f (z) given by (12) is due to the propagators and g(z)comes from the energy denominator (25). α, β and γ are dot products given by (15)-(17). We have set a = m 1 /m 2 .
It is clear that the interchange of c ↔ b in the above function will provide the fragmentation function for b → Ω cbb in agreement with our direct calculation.
5 Ω ccb in b quark fragmentation Now let us consider the process of b → Ω ccb . In this case regarding the diagrams (e) and (f) in Fig. 2 and using the above procedure we find for the propagators
The dot products of the relevant four vectors are put in the following form
Note that the x's in (9) read as x 1 = x 3 = m 1 /m, x 2 = m 2 /m and x 4 = x 5 = 1/2 in this case. Here the Γ in (6) has the following form
Finally similar to our previous treatment of c → Ω ccb , we obtain
where g ′ (z) comes from the energy denominator which in this case reads as
Again in this case the interchange of c ←→ b will provide the fragmentation function for c → Ω cbb . This also agrees with our direct calculation.
In the equal mass case where
the fragmentation function takes the form
where Q may be assumed to be a c or b quark with m 1 being respective quark mass. Note that here α s = α s 1 for Ω ccc and α s = α s 2 for Ω bbb . Figure ( 3) illustrates the behavior of the fragmentation functions for different triply heavy baryons in c and b quark fragmentation and Table 2 Table 2 Fragmentation probabilities and the average fragmentation parameter for different Ω states in possible c and b quark fragmentation. are specified in Table 1 . Note that p T here is different from the transverse momentum by which the heavy quark is produced.
6 Results and discussion
In the heavy quark limit we have obtained exact analytical fragmentation functions for S-wave triply heavy baryons using perturbative QCD. The non-petubative part of the bound state is treated by employing a delta function type wave function thus ignoring the respective motion of the constituents. We have ob- Table 3 Total fragmentation probability and the average fragmentation parameter for c → Ω ccc for various transverse momentum. The distribution softens for increasing transverse momentum. T softens the distribution thereby lowering both the fragmentation probabilities and z . To see the size of these changes, we describe the effect in the case of c → Ω ccc . Similar behavior is expected for other cases. Fig. 4 shows this softening for p 2 T =1,2,3 GeV. Table 4 gives the respective fragmentation parameters. We have also numerically integrated our fragmentation functions against p T . The results are in the same order of magnitude as the respective functions in terms of p 2 T =1 GeV at nearly the same value of z .
Although our results are analytic and exact and could be used to estimate the cross section of the triply heavy baryons in any collider aimed at producing them, it seems that the heavy quarks such as c and b will be produced at very high energies in very high energy colliders such as the LHC and other future colliders. So that one may consider them extreme relativistic. In such case the matrix elements reduce considerably. For c, b → Ω ccb we have
The fragmentation functions for D
, are to be obtained from the above results by appropriate arrangements of m 1 and m 2 and other parameters. In the equal mass case we have
Here also Q may be taken to be c or b quark with m 1 being the respective quark mass. Again note that here α s = α s 1 for Ω ccc and α s = α s 2 for Ω bbb . The relevant total fragmentation probabilities and the average fragmentation parameters obtained from (44), (45) and (46) appear in Table IV. The Peterson model for heavy quark fragmentation into a heavy meson [13] is a simple and popular model which contains the basic features of the process. This model ignores the vertex effects and relays only on the energy denominator in the perturbation expantion. The form of the energy denominators which we have obtained in (25) and (42) propose that the form of the fragmen- Table 4 Fragmentation probabilities and the average fragmentation parameters in the extreme relativistic case. tation functions may reduce to the Peterson form in the above limit. This is meaningful specially in the case of b → Ω ccb in which b is assumed to be heavy and the c as a light degree of freedom. In these circumstances we find the following fragmentation function We would like to emphasis at the end that the magnitudes of α s and f B play an important role in the final results of the fragmentation probabilities and hence in their production rates. We were very careful in choosing the coupling constant for different cases. However there is no information about decay constants of such heavy baryons. Therefore we have chosen f B = 0.25 GeV for all of them.
